ABSTRACT: Human activities affect all trophic levels of marine food webs and threaten numerous species. The status of such populations can be assessed via monitoring of their size. However, in longlived species such as most marine top predators, environmental stress on a population only affects its size after several years. It has therefore been suggested that behavioural proxies such as foraging effort could be used to assess the short-term effects of environmental conditions on the wellbeing of a predator population. We demonstrate the potential of this approach in northern gannets Morus bassanus from the Sept-Iles Archipelago, France. This colony has been expanding rapidly for the past 60 yr, and is still growing faster than predicted from its size. However, using miniaturised GPS & time-depth recorders attached to 21 breeding adults, we show that their foraging effort (assessed during the 2005 breeding season in terms of foraging trip duration and diving frequency) is higher than that of their British relatives. Further parameters such as foraging path length, path sinuosity, maximum foraging range, flight speed, flight time, dive depth, dive duration, and diet were also recorded. Using these field data and energetics modelling we predict that northern gannets breeding at the Sept-Iles will be highly sensitive to alterations of their foraging conditions. GPS-tracking indicates that birds from this colony forage exclusively within the western English Channel, with a strong preference for the tidal front between eastern and western Channel waters, northwest of Guernsey. This frontal zone attracts a wide range of marine organisms. It is also heavily fished, and a major oil spill hotspot. We conclude that the conservation of this marine area is critically important for northern gannets breeding at the Sept-Iles Archipelago. 
INTRODUCTION
The status of an animal population can be assessed via diverse proxies. Population size and growth rate are generally used, but in long-lived species substantial and varying time lags can blur patterns and preclude straightforward analyses (Krebs 1996 , Thompson & Ollason 2001 , Norrdahl & Korpimaki 2002 , Barbraud & Weimerskirch 2003 . Adult survival and the proportion of juvenile recruits, which condition population trends, are also powerful indexes of population status (Saether & Bakke 2000 , Anders & Marshall 2005 . These key variables nonetheless often require long-term studies and are challenging to record in wide-ranging species. In the shorter term, breeding parameters such as breeding phenology, breeding success, and the magnitude of the trade-off between parental investment and adult fitness can also be considered (Stearns 1989 , Woller et al. 1992 , Sanz 2002 , Frederiksen et al. 2004 ). All such variables critically depend upon the capacity of parents to provide their offspring with food. The foraging effort of animal parents is therefore a potent short-term indicator of population health.
It has recently been suggested that in long-lived species such as seabirds, foraging parameters recorded during the breeding season could be used to better understand the status of populations, based on the premise that foraging performance influences reproductive success, and ultimately recruitment (Lewis et al. 2006 ). This approach is appealing from a management perspective, as studies of foraging behaviour can be performed within a much shorter timeframe than population studies, and results from the former can be quickly used as a base for management strategies. Conversely, population studies of long-lived, endangered species often only provide warning signals after the situation has degraded beyond the point of no return (Beissinger & Westphal 1998) .
After centuries of exploitation (Huxley 1884, Kurlansky 1998) there is growing evidence that humans significantly damage marine ecosystems (Jackson et al. 2001 ). This damage ranges across marine food webs, but its consequences become most apparent when they affect top predators (large predatory fishes, marine turtles, mammals and birds), which usually have high market value and are well known by the public. In the case of European seabirds, most populations have shown substantial growth during the 20th century, probably because they were recovering from past negative influences (Mitchell et al. 2004 ), but also because fisheries produced abundant discards available to some of the birds, and removed larger demersal fishes, thereby increasing the abundance of small pelagic fish. However, recent breeding failures in the North Sea and along the Atlantic coast suggest that bird populations are under considerable anthropogenic stress (Wanless et al. 2005a) . Such stress can take the form of additional mortality caused by interactions with fishing gear and oil spills, disturbance and predation at the breeding sites, decreased fitness due to bioaccumulation of pollutants, and poorer feeding conditions linked both to climate change and overfishing (Tasker et al. 2000 , Boersma et al. 2002 , Burger & Gochfeld 2002 , Montevecchi 2002 . The impact of these stresses is noticeable around the British Isles, which is the core breeding area for European seabirds (Mitchell et al. 2004 ), but they are even more marked in France (Cadiou et al. 2004) . This is probably because the French coast is the southern edge of the breeding distribution for several species of European boreal seabirds. As a consequence, birds such as common guillemots Uria aalge, razorbills Alca torda, puffins Fratercula artica, kittiwakes Rissa tridactyla, and roseate terns Sterna dougallii are likely to disappear from the French mainland in the near future (Cadiou et al. 2004) .
However, many other seabird species present in European waters do not seem to be threatened by human activities, rather they show an apparently healthy population growth (Mitchell et al. 2004) . This is the case for northern gannets Morus bassanus, whose world population (75% European) has increased by an average of 2% yr -1 over the past 60 yr (Wanless et al. 2005b) . In theory such population growth should be less marked at the limit of the species' breeding range (Brown et al. 1996) ; nevertheless, the southernmost breeding colony, which is located in Brittany, France, grew by an average of 8% per year since 1939 (Siorat 2004 ). This colony was established during the 1930s on Rouzic, within the Sept-Iles nature reserve. It currently holds over 17 000 pairs, and is the only breeding site of northern gannets in France. The Rouzic gannetry is the fine fleur of French biodiversity, with on-going media coverage and sustained public interest.
Population numbers of northern gannets have been monitored on Rouzic for over 50 yr (Siorat 2004) . However, hardly anything is known about the foraging behaviour of breeding adults. Therefore, the actual ecological background, which allows exponential growth of the Rouzic colony, remains speculative.
We tested the hypothesis that highly profitable foraging conditions during the breeding season fuel the population growth of the French gannetry on Rouzic. Optimal foraging theory predicts that central place foragers such as breeding seabirds are significantly affected by intra-specific competition for food (Stephens & Krebs 1986 ). In practice this means that, if resources are evenly distributed, individuals of larger colonies have to forage further away from the colony to feed themselves and their offspring and, as a consequence, larger colonies will grow slower than smaller ones. Such interplay of colony size, colony growth rate, and foraging effort has been demonstrated for ganneteries around the British Isles (Lewis et al. 2001) . We used this theoretical and empirical framework to evaluate population growth and foraging parameters of northern gannets from Rouzic in an international context. Using this case study, we demonstrate that foraging parameters and energy balance provide powerful indexes of population health in the short term, and that studies of foraging strategies and foraging energetics in marine predators are an essential base for management policies.
MATERIALS AND METHODS
Population parameters. Total numbers of gannet nests present on Rouzic during the breeding season were determined using direct counts and/or aerial photographs (for a detailed account of methods see Siorat & Rocamora 1995) . These numbers were recorded at irregular intervals between 1939 and 1955, but nearly every year between 1955 and 2005. Previous publications (Siorat & Rocamora 1995 , Siorat 1998 , 2004 provided information about population trends between 1939 and 2000. This study is therefore an update of recent population developments (2000) (2001) (2002) (2003) (2004) (2005) .
As the total number of apparently occupied nests Data logger deployments. Field studies were conducted on Rouzic (48°54' N, 3°26' 11'' W) between June 27 and July 7 2005 under permits of the board of the Réserve Naturelle des Sept Iles. Adult birds raising a total of 21 chicks were caught at the nest site using a noose mounted onto a telescopic pole and fitted with a single data logger (see specifications below). The devices were attached to the lower back with white Tesa ® tape to match the colour of the plumage. This technique ensures that the devices stay on the bird during their voyage at sea, and that tape and data logger can be subsequently removed with minimal damage to the plumage (Wilson et al. 1997) . We took great care to minimize the impact of our study on the birds. Adults were mainly caught at dawn to avoid heat stress (Hochscheid et al. 2002) . We caught birds when both parents were present at the nest site. The bird that was about to initiate a foraging trip was equipped with a data logger, and the second remained at the nest site to guard the chick. Handling lasted less than 10 min in all cases, and we covered the bird's head to reduce stress. Birds were only equipped for a single foraging trip lasting a maximum of 29 h.
These field techniques have been used on several occasions for cape gannets Morus capensis and in African penguins Spheniscus demersus , Lewis et al. 2006 , Pedersen et al. 2006 with no measurable impact on the behaviour and the wellbeing of the animals. We nonetheless compared foraging trip durations of birds equipped with data loggers with those of non-equipped control birds. The latter were colour-marked (with bio-compatible dye) without being handled using a paintbrush mounted onto a telescopic pole. Foraging trip durations were subsequently determined via hourly visual checks performed between dawn and dusk (gannets do not enter or leave the colony during the night). We assumed that in the event of a disturbance caused by the loggers the foraging trip duration of gannets would be modified (see Taylor et al. 2001) .
Northern gannets are monomorphic, but nape biting is more or less exclusively performed by males (Redman et al. 2002) . Nevertheless, we could not sex all birds reliably during this study, and we therefore did not explore inter-sexual differences. As birds were chosen at random, we nonetheless assume that our sample contains an approximately equal number of males and females. Finally, the study nests were selected at random, i.e. not only from the periphery of the colony, but also from 10 m within it (i.e. the length of the catching pole) so as to avoid biases due to potential regional age effects (Nelson 2002) .
Data logger specifications and analysis of electronic data sets. We used 2 types of data loggers: (1) a 1-channel GPS data logger (NewBehaviour, 95 × 48 × 24 mm; 65 g, i.e. 2.1% of the body mass of the birds, see Grémillet et al. 2004 for details) set to record latitude, longitude and speed every 10 s; and (2) a GPS data logger combined with a time-depth recorder (GPSlog; Earth and Ocean Technologies, 96 × 39 × 26.5 mm; 75 g, i.e. 2.4% of the body mass of the birds, see Ryan et al. 2004 for details) which was programmed to record longitude, latitude and speed every 2 min when the bird was not diving, and every second for 4 min after each dive exceeding 3 m. Depth was recorded every second with a resolution of 0.10 m throughout the deployment period.
Dive profiles were analysed using MultiTrace for Windows (Jensen Software Systems) with 0.5 m as the dive threshold. We determined the total number of dives, average dive duration and average maximum depth of dives for each foraging trip.
GPS positions and speed values recorded outside of the breeding colony were analysed in 3 different ways:
(1) We calculated foraging trip duration, foraging path length, average speed (when the bird was flying, i.e. >10 km h -1 ), maximum distance to the colony, and time spent flying or resting at the water surface (for definitions see Grémillet et al. 2004) . (2) We selected positions for birds that were flying, but displayed a very sinuous path. Such positions are associated to active feeding behaviour (in contrast to more rectilinear travelling flights, see Grémillet et al. 2004 for details on filtering technique). Kernel analysis (Wood et al. 2000) allowed us to generate topographic maps of the density of positional fixes per unit-area. In order to verify the validity of the algorithm used to filter the feeding positions, we compared the occurrence of such feeding locations with that of dives, which had been recorded synoptically for the 6 birds equipped with a GPSlog. (3) Finally, all GPS tracks were analysed after Weavers (1992) to estimate the relative amount of time spent by the birds per 0.1 × 0.1°grid cell (approximately 7.1 × 11.1 km). This index of area utilisation was also represented as a topographic map.
The spatial data presented here bear a certain level of pseudoreplication. In order to minimize this problem we only monitored 1 foraging trip per bird, we filtered the GPS positions that were associated with feeding activities, therefore discarding commuting sections, and we used Kernel analyses after Wood et al. (2000) . As can be gathered from the result section, we present our spatial data in 3 different ways (see in order to assess the validity of our findings.
Energetics modelling. We estimated the daily energy requirements (kJ d ), and metabolic scope (average metabolic rate expressed as a multiple of BMR) of adult northern gannets breeding on Rouzic after Enstipp et al. (2006) . This algorithm uses time budget information gained using data loggers and published values of metabolic rates for the different activities. The model also takes into account the energy required to feed the chick. Input values such as foraging trip duration, time spent flying, body mass and chick age were extracted from our field data. Others were used as specified by Enstipp et al. (2006) .
Further parameters. Gannets caught or disturbed at the nest often regurgitated food. Such prey-items were collected opportunistically. Most of them were sufficiently fresh to be identified on site, following Muus & Dahlstrøm (1985) . This allowed us to define the diet of breeding birds during the study period.
In breeding gannets one parent usually stays at the nest to guard the 1-chick brood, unless feeding conditions deteriorate, forcing both parents to forage simultaneously. Total time spent by both parents together at the nest is consequently a good index of their workload (Lewis et al. 2004) . We therefore recorded the proportion of chicks left unattended during the study period, and the duration of change over periods (time period between the return of one parent and the departure of its mate), which were observed at random between dawn and dusk.
All birds caught were weighed to the nearest 25 g using a spring balance (Salter Brecknell Super Samson, RACO Industries). Chicks were aged in weekly categories using plumage characteristics after Nelson (2002) .
RESULTS

Population parameters and nest attendance patterns
The total number of gannet nests counted on Rouzic increased steadily between 1939 (30 AON) and 2005 (17 507 AON). In accordance with Siorat & Rocamora (1995) , we identified 3 main growth phases between 1939 and 1995 ( Fig. 1 (Fig. 2) . Breeding success (the proportion of breeding couples which fledged a chick), assessed annually between 1991 and 1997 and in 2002, varied between 85.7% in 1991 and 96.9% in 1996 , with an average of 89.5%.
During the study period in late June to early July 2005 most chicks were between 4 and 6 wk old (max. observed 9 wk). We did not observe a single +8.5% +4.0% Fig. 1 . Morus bassanus. Size of the northern gannet colony on Rouzic, Sept-Iles Archipelago, France, increased steadily throughout the second half of the 20th century. Colony size is given as ln of apparently occupied nests (AON). We also provide average annual growth rates (%) for different time periods. Note that, even if the colony growth rate is reduced in recent years, it is still twice as high as for gannet colonies around the British Isles (2% on average; see Wanless et al. 2005b) chick left unattended at the nest site, i.e. no parents seemed to forage simultaneously. Adults spent 6.3 min (median, n = 20) together at the nest site during switch over.
Foraging behaviour
All data loggers were recovered after a single foraging trip, and all birds continued to breed normally after the logger deployment. Average foraging trip duration was similar in equipped and control birds (17.8 ± 8.6 h, n = 20 and 17.3 ± 6.3 h, n = 13, respectively, t = 0.17, p = 0.86). We compared foraging trip duration and colony size for Rouzic gannets and gannets from UK colonies using data presented in Lewis et al. (2001) (Fig. 3) . This revealed that Rouzic gannets performed significantly longer foraging trips than UK gannets attending colonies of similar size (R 10 = 0.84, p < 0.05; Dixon's outlier test, Sokal & Rohlf 1981) .
One GPSlog did not record GPS positions, and we therefore gathered a total of 20 complete GPS tracks and 7 dive depth traces. Summary statistics of foraging trip characteristics are given in Table 1 . Birds spent 50% of their foraging time flying, and 50% at the water surface. Although their average flight speed was only around 49 km h ). The deepest recorded dive had a maximum depth of 12 m and lasted 26 s, but most dives were much shallower, with principal modes around 2 and 6 m (Fig. 4) .
We found significant positive relationships between foraging trip duration and maximum foraging range ( Figs. 5-7 show the spatial data gathered via GPS tracking. Both raw tracks (Fig. 5 ) and more refined graphs (Figs. 6-7) lead to the same conclusions about the space utilization by Rouzic gannets: during the study period birds forage exclusively within the western English Channel (hereafter WEC) between the Bay of Mont St Michel and Cornwall. They made extensive use of the central WEC northwest of Guernsey and visited the zone of the Minquiers between Chausey and Jersey. They also exploited more coastal areas as the Bays of St Brieux and Dinard. A significant number of position fixes were recorded in vicinity of the breeding colony. They are probably due to birds resting and washing before or after their foraging trip, but local feeding cannot be excluded (F. Siorat pers. obs.).
Parallel analysis of GPS tracks and dive depth traces for the 6 birds successfully monitored with GPSlog data loggers revealed that each recorded dive corresponds with a highly sinuous section of the GPS tracks which we identified as a feeding location (sensu Grémillet et al. 2004) . Conversely, each section of the GPS tracks characterised as highly sinuous by our filter was not far from a dive. In 75% of all cases there were < 5 min between the occurrence of a dive and a sinuous section (3.1 ± 4.5 min on average). These results confirm the validity of the method used to identify GPS positions associated with feeding activity. We do not know whether birds foraged successfully at these locations, but we can nonetheless consider that highly sinuous sections of their foraging paths were associated with active prey searching via plunge-diving. However, our assessment of foraging locations of northern gannets breeding on Rouzic remains conservative, as gannets can also catch prey at the water surface. Such behaviour is not visible on dive traces, and we are unsure whether it is linked to a highly sinuous foraging track prior to landing on the water surface.
We gathered 10 regurgitations containing 24 prey items; 6 regurgitations could be weighed entirely (average mass 140 ± 50 g). Birds mainly fed on garfish Belone belone (38%), but also took mackerel Scomber scombrus (17%), pollack Pollachius pollachius (13%), sandeel Ammodytes sp. (16%), and gurnard Aspitrigla cuculus (16%). These percentages refer to the numbers of individual fish and therefore overestimate the proportion of sand eels consumed, as these are far smaller than all other prey items. Visual inspection of prey items suggested that they had been caught alive by the birds, although demersal fish such as gurnards could have been fishery discards. This limited sample suggests that the diet of gannets at Rouzic is markedly different from that of North Sea gannets, which includes a large proportion of mackerel, and resembles that of gannets from the Irish Sea, which forage on a more varied diet (Lewis et al. 2003) .
Energy requirements
Using the bioenergetics model defined by Enstipp et al. (2006) we estimated that adult northern gannets during chick rearing on Rouzic require an average of ). This converts to an average daily food intake of 1200 g of fish for the parent alone and 1380 g of fish for 1 parent and its chick. Overall, the average adult metabolic rate is 4.15 × BMR.
DISCUSSSION
Mismatch between population dynamics and foraging effort
Unlike several populations of marine birds in European waters, particularly in France, the colony of northern gannets on Rouzic, Sept-Iles Archipelago, has shown substantial growth rates ever since its foundation in the 1930s. Its average yearly growth was 4 times that of gannetries around the British Isles during the same period (8% and 2%, respectively; Wanless et al. 2005) . The size-specific growth rate of the Rouzic colony for the 1969 to 2004 period was also markedly higher than that for UK colonies of similar size (Fig. 2) . Using population models Siorat & Rocamora (1995) showed that such high annual growth rates are probably not only due to recruitment of juveniles born on Rouzic, but also to the immigration of young breeders from other colonies. This indicates that the SeptIles are an extremely valuable breeding site for northern gannets; this is confirmed by the very high breeding success that we recorded on Rouzic during the 1990s, and in 2002. Such average breeding success (proportion of chicks fledged from laid eggs) of 89.5% is >10% higher than the UK average (Nelson 2002) .
Consequently, if we were to consider population growth and breeding parameters as sole indexes of the status of French northern gannets, we would conclude that the southernmost current breeding site for this species shows very healthy growth, and that no specific protection measures need to be taken to ensure its perpetuation.
However, detailed examination of foraging patterns and energy balance provides a different picture. (1) Foraging trip durations, which are a good index of overall foraging effort, are proportionally longer for birds from Rouzic than for gannets breeding at colonies of similar size around the British Isles (Fig. 3) . (2) Breton gannets perform 4.0 ± 1.0 dives h -1 on average when they are at sea, whereas birds from the Bass Rock colony only dive 1.4 ± 0.4 times h -1 (Lewis et al. 2002; t = 8.6 , p < 0.001). The lat- ig. 7. Morus bassanus. Topographic representation of the time (h) spent per unit-area (0.1 × 0.1°grid cells) by 20 northern gannets from the Sept-Iles during foraging trips in the western English Channel. Note that birds foraged extensively within the central part of the English Channel, probably along the tidal front between Atlantic and Channel surface waters. They nonetheless also seek coastal areas on both sides of the Channel ter colony is much larger and gannets attending it should, in theory, be more affected by intra-specific competition. This particular point should nonetheless be considered with caution since both studies used different devices with different sampling intervals. (3) Rouzic gannets travel extensive distances when they are at sea, with an average foraging path length of 480 km (maximum 856 km). Unfortunately, this path length cannot be directly compared with data from former studies, as these were based upon satellite tracking, which only provides an average of 6 positions d -1 , whereas GPS tracking allows the recording of at least 1 position every few minutes. However, comparison of our data with satellite tracks , and with preliminary GPS tracking of northern gannets from the North Sea (Hennicke et al. unpubl. data) shows that birds from the Bass Rock colony perform far more rectilinear, directional trips (i.e. birds tend to fly from the colony straight towards a distant foraging locations, exploit this food patch, and then fly more or less directly back to their breeding site). In contrast, birds from Rouzic only foraged within the WEC, with moderate maximum foraging ranges (100 km on average; Table 1 ), yet they displayed extremely tortuous foraging paths (Fig. 5) . As a result, the linear relationship between maximum foraging range and foraging trip duration has a much steeper slope in northern gannets from 2 British colonies , than for birds from Rouzic (slopes of ca. 7 versus ca. 3, see Eq. 1). Note that this comparison is appropriate even if Hamer et al. (2001) used satellite telemetry, since maximum foraging range and foraging trip duration are far less affected by varying sampling intervals than foraging path length. Analysis of foraging modes indicate that northern gannets from Rouzic work hard to get their food, and this assertion is confirmed by analysis of their energy budget. Output from the model proposed by Enstipp et al. (2006) reveal that adults breeding on Rouzic require 1380 g fish d -1 to sustain themselves and to feed their chick. This is 7% more than for birds breeding on Bass Rock (Enstipp et al. 2006) , a colony that is 2.7 times larger than Rouzic (48 065 versus 17 700 AON). On Bass Rock birds should be exposed to much higher levels of intra-specific competition for food, and should therefore need more energy to exploit scarcer/more distant food patches than on Rouzic. Also, energetics modelling reveals that the average field metabolic rate of adult northern gannets from Rouzic is > 4 × BMR (i.e. 4.15), which has been suggested to represent the maximum work-load for a bird during the reproduction phase (Drent & Daan 1980) . In comparison, the field metabolic rate of adult northern gannets from the much larger Bass Rock colony averages 3.9 × BMR (Enstipp et al. 2006 ).
We therefore conclude that, despite apparently healthy population developments, birds raising small chicks on Rouzic during the 2005 breeding season faced a work-load which was far above the average foraging effort expected for northern gannets attending a colony of this size. It can be speculated whether these limitations are actually linked to the strong dynamics of the colony i.e. the predator-prey system within which French northern gannets evolve has now reached its carrying capacity, and is being limited by density-dependent effects. Reduced colony growth rates recorded in recent years might be a sign of this process (Fig. 1) , although reduced immigration has also to be considered.
Whatever the reasons for this population trend, fact is that northern gannets breeding at this colony in 2005 had a relatively tight time and energy budget, with little buffer to compensate for variable environmental conditions. Another sign of this situation is that parents did not leave their chicks unattended, yet they spent relatively short time periods together at the nest between foraging trips (ca. 6 min). Similarly short change-over durations have been recorded in foodlimited cape gannets (Lewis et al. 2006) .
Conservation implications
Our results suggest that northern gannets from Rouzic feed within the WEC during the chick-rearing phase and that this relatively confined water body limits their foraging range (see Pedersen et al. 2006) . Combined information about their distribution at sea (Figs. 5-7) , their dive patterns (Fig. 4) and their diet allow us to better define their ecological niche within this zone: as in other areas of the North Atlantic, Rouzic gannets predominantly exploit pelagic shoaling fish caught by brief plungediving within the first few meters of the water column. Within the WEC, they employed 2 contrasting strategies during the study period: (1) Exploitation of prey resources within the central WEC, northwest of Guernsey (Figs. 5-7 ). This foraging hot spot corresponds to the deepest part of the Channel and, crucially, to a high productivity area located within a tidal front. This tidal front features a boundary layer, oscillating between stratified Atlantic surface waters in the west and highly mixed surface Channel waters in the east (Southward et al. 2005) . Such a high-productivity zone attracts marine top predators (Sims et al. 2005) , and we confirm its appeal to northern gannets (see also Pingree et al. 1974 , Siorat 1992 , White & Reid 1998 . (2) Gannets from Rouzic also visit more coastal areas on both sides of the Channel, from the Bay of Mont St Michel to the vicinity of Plymouth.
Our results have important conservation implications: (1) Northern gannets breeding on Rouzic mainly foraged within the central English Channel during the chick-rearing phase of the 2005 breeding season. This zone is one of the busiest shipping routes in the world, and a major oil spill hotspot (Veites et al. 2004) . Although gannets are generally less sensitive to oil spills than other seabirds, such as alcids, pollution events occurring within this zone could severely impact the French gannet population. Such pollution is not restricted to oil and other chemicals; the discard of litter, in particular of disused fishing nets, is also a serious threat to gannets (Montevecchi 1991) . (2) Chickrearing gannets from Rouzic seem to gather their food from relatively confined zones of the WEC. The chickrearing phase is the most demanding period of the year for northern gannets, as they then face the increased food requirements of their chicks, the constraints of central place foraging, and substantial levels of intraspecific competition (Nelson 2002). As we have shown, adult birds work hard during this period. They might therefore be extremely sensitive to changes in their feeding conditions within the WEC.
We often perceive the English Channel primarily as a busy shipping route, but it is also a heavily fished area. Over 4000 fishing units operate in the Channel (41% from France, 59% from the UK) and catch a total of 230 000 t annually. This corresponds to approximately 0.25% of the world's fisheries over only 0.021% of the total maritime surface (Ulrich et al. 2002 , Guitton et al. 2003 , FAO 2005 , available at: www.fao.org/fi/ statist/statist.asp). Two thirds of this catch occurs in the WEC, and it includes ca. 26 600 t (>10% of all landings) of mackerel (Guitton et al. 2003) . The mackerel stock in the English Channel is presently fully exploited (Guitton et al. 2003) . This might be why this species, which is usually a major prey item for northern gannets in European waters (Nelson 2002) represented only 17% of the diet of gannets from Rouzic during our study period. French gannets seem to switch to other species which are only moderately exploited by human fisheries, such as haddock and gurnard (Guitton et al. 2003) , or to species with no official market value (sandeels and garfish). In particular garfish appears to be an important prey item for gannets from Rouzic.
With regard to the management of the marine ecosystem in the WEC, we therefore suggest that top predators such as northern gannets might be critically sensitive to further declines in mackerel stocks, and to any significant declines in the stocks of their other prey, in particular garfish. Changes in prey distribution and abundance which impact seabird behaviour are not only caused by fisheries. They might also be due to climate change (Frederiksen et al. 2004 ) and regime shifts (Beaugrand 2004) . The coast of France is the southern boundary of many seabird populations, including northern gannets. Such boundaries are predicted to be strongly affected by climate change and ecosystem shifts (Brown et al. 1996) .
Gannets do not exclusively feed on live prey, as they can also gather fishery discards (Garthe et al. 1996) . Although most prey items examined during our study seemed to have been caught alive, we cannot exclude that some of them were discards. This might be the case for gurnards, which are primarily bottom dwelling fish, and cannot be easily targeted by gannets in a natural situation. Therefore, we cannot exclude that intense fishery activities in the English Channel might compensate for some competition by providing alternative food sources to the birds.
Conclusions
Based on our field data we reject the hypothesis that substantial population growth of the Rouzic colony is based upon highly profitable foraging conditions enabling moderate foraging investment by adult gannets, at least during our study period. Conversely, our study indicates that French northern gannets have a higher work load than predicted for a colony of the size of Rouzic, and keep a very tight time budget and energy balance. We therefore predict that even minor changes in the profitability of their foraging grounds might have drastic short-term effects on their breeding success and their survival, with knock-on effects on population numbers in the longer term.
Our study confirms that wildlife management cannot be solely based upon the monitoring of population trends (Primack 2000) . Northern gannets tend to breed within few, very large colonies. Such breeding sites have to be secured and freed from invasive alien species. This is the case for the Rouzic breeding site, which has been a part of the Sept-Iles nature reserve since 1912, i.e. long before the establishment of the gannet colony. However, even more importantly, the foraging grounds of the birds must also be adequately managed. In this context our study confirms the great importance of the tidal front zone between the western and eastern English Channel for marine wildlife, and stresses the need for special conservation measures within this zone. Such a management plan should not follow a classic single-species management strategy, but should rather consider the WEC ecosystem as an entity (ecosystem-based management, see Cury et al. 2005) .
Our study has been conducted over a short time frame, and we have no information about the foraging ecology of French northern gannets during the rest of the yearly cycle. Our rationale was that gannets attain their maximum work load during the chick-rearing phase and that this was the time period during which constraints on their foraging performance were most likely to become apparent. However, further investigations are required to assess potential variability in the foraging patterns of northern gannets from Rouzic, which might modify our conclusions. Such variability might arise at the individual level (during repeated foraging trips) and at the annual level (see Lewis et al. 2005) . Foraging strategies and food requirements also have to be defined during other phases of the breeding season, and outside of the breeding season. These combined investigations will enable management plans to identify marine biodiversity hotspots such as the English Channel tidal front, which deserve special protection.
